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1

SYSTEMS AND METHODS FOR
ESTIMATING AND CONTROLLING A
PRODUCTION OF FLUID FROM A
RESERVOIR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to, and the benefit of, U.S.
Provisional Patent No. 62/504,182 filed on May 10, 2017,

and entitled “SYSTEM AND METHOD FOR ESTIMAT-
ING AND CONTROLLING PRODUCTION OF FLUID
FROM A RESERVOIR,” the entire contents of which are

incorporated by reference herein for all purposes.

TECHNICAL FIELD

This disclosure relates to o1l and gas production, and more
particularly relates to systems and methods for estimating
and controlling a production of o1l and gas from a shale
reservoir.

BACKGROUND

Despite the impact of the “shale revolution” on global
energy supply, why o1l and gas can be produced in large
quantities from the nano-pores of shale within a one-year
time span still defies scientific explanation. Porous media
flow theory based on Darcy’s law predicts that it should take
natural gas more than 70 years to migrate just one meter in
the ultra-tight shale matrix having permeability as low as
one nano-darcy (which 1s six orders of magnitude lower than
the mini-darcy range for conventional reservoirs). The mag-
nitude of shale o1l production 1s even more unanticipated
due to the high shear viscosity of oil. To date, scientists have
not yet reconciled the current booming shale o1l and gas
production with the o1l and gas production estimates pro-
vided by conventional models that are based on Darcy’s law.
That 1s, conventional o1l and gas production models based
on Darcy’s law are incapable of estimating o1l and gas
production from a shale reservoir. Accordingly, improved
assessment and/or evaluation techniques and related systems
remain highly desirable.

SUMMARY

Embodiments of this disclosure may include methods and
systems for estimating and/or controlling a production of o1l
and gas from a shale reservoir. In particular, a method for
estimating a production of fluid from a reservoir may
include: receiving, by a processor, a data associated with a
fluid reservoir, wherein the data comprises at least a flmd
viscosity 1n the reservoir and a pore radius 1n the reservorr,
and wherein the data does not include a permeability of the
reservoir, and modeling, by the processor and based, at least
in part, on the data, a fluid production model comprising a
reservoir fluid drainage rate that 1s proportional to the fluid
viscosity, a reservoir fluid drainage speed that 1s independent
of the pore radius and permeability, and a fluid drain-out
time comprising a time when a total amount of fluid mass
produced from the reservoir has reached a percentage of a
producible fluid mass value.

In another embodiment, a non-transitory computer-read-
able medium may have program code recorded thereon. The
program code may include: program code for causing a
computer to receive data associated with a fluid reservorr,
wherein the data comprises at least a fluid viscosity 1n the
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fluid reservoir and a pore radius in the fluid reservoir, and
wherein the data does not include a permeability of the tluid
reservoir; and program code for causing the computer to
model a production of fluid from the fluid reservoir based,
at least 1n part, on the data, wherein the model i1ncludes a
reservoir fluid drainage rate that 1s proportional to the fluid
viscosity, a reservoir fluid drainage speed that 1s independent
of the pore radius and permeability, and a fluid drain-out
time that provides a time when the total amount of fluid mass
produced from the reservoir has reached a percentage of
producible fluid mass value.

In yet another embodiment, an apparatus configured for
estimating a production of fluid from a reservoir may
include at least one processor; and a memory coupled to the
at least one processor. The at least one processor may be
configured to: receive data associated with a fluid reservoitr,
wherein the data comprises at least a viscosity of a fluid 1n
the reservoir and a radius of a pore in the reservoir, and
wherein the data does not include a permeability of the
reservoir; and model a production of fluid from the reservoir
based, at least in part, on the received data, wherein the
model includes a reservoir fluid drainage rate that 1s pro-
portional to the fluid viscosity and a reservoir fluid drainage
speed that 1s independent of the pore radius and permeabil-
ity.

According to another embodiment, an apparatus for pro-
ducing flmd from a reservoir may include: a pump which
pumps a first flmd into a fluid reservoir that includes a
second fluid; and a controller which controls the pump 1n
accordance with a reservoir tluid production model, wherein
the reservoir fluid production model comprises at least a
reservoir tluid drainage rate that 1s proportional to a viscos-
ity of the second fluid 1n the reservoir and a reservoir tluid
drainage speed that 1s independent of a radius of a pore 1n the
reservotr.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specifi-
cation and are included to further demonstrate certain
aspects of the present disclosure. The disclosure may be
better understood by reference to one or more of these
drawings in combination with the detailed description of
specific embodiments.

FIG. 1 1llustrates a flow chart of an exemplary method for
estimating fluid production from a reservoir in accordance
with the present disclosure;

FIG. 2 illustrates a diagram of an exemplary system for
producing fluid from a reservoir i accordance with the
present disclosure;

FIG. 3 1llustrates a model for calculating drainage from a
capillary tube embedded 1n a shale matrix block surrounded
by fractures in accordance with the present disclosure;

FIG. 4 illustrates a model of a damped acoustic standing
wave with a density node at the tube exit and an antinode at
x=0 1n accordance with the present disclosure; and

FIG. 5 1illustrates a logarithmic plot of a scaled drainage
rate of a fluid reservoir over time 1n accordance with the
present disclosure.

DETAILED DESCRIPTION

The following description 1s of various exemplary
embodiments only, and 1s not intended to limit the scope,
applicability or configuration of the present disclosure in any
way. Rather, the following description 1s intended to provide
a convenient illustration for implementing various embodi-
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ments mcluding the best mode. As will become apparent,
various changes may be made 1n the function and arrange-
ment of the elements described 1in these embodiments with-
out departing from principles of the present disclosure.

For the sake of brevity, conventional techmiques for
petroleum and/or natural gas production, hydraulic fractur-
ing, and/or the like may not be described 1n detail herein.
Furthermore, the connecting lines shown 1n various figures
contained herein are intended to represent exemplary func-
tional relationships and/or physical couplings between vari-
ous elements. It should be noted that many alternative or
additional functional relationships or physical connections
may be present 1n a practical system or method for estimat-
ing and/or controlling production of a fluid from a reservotr.

Embodiments of this disclosure may provide methods and
systems for estimating and controlling the production of o1l
and gas fluid from a shale reservoir based on models that do
not follow Darcy’s law. That 1s, exemplary models and
approaches utilized 1 accordance with this disclosure 1llus-
trate that primary petroleum production, which 1s driven by
the volumetric expansion of the in situ petroleum fluids,
does not follow Darcy’s law. For example, models devel-
oped 1n accordance with this disclosure include a model of
drainage rate that 1s directly proportional to fluid viscosity,
which 1s 1n contrast to Darcy’s law because Darcy’s law
provides that drainage rate 1s inversely proportional to fluid
viscosity. Additionally, models developed in accordance
with this disclosure include a model of drainage speed that
1s 1ndependent of the pore radius, which 1s 1n contrast to
Darcy’s law because Darcy’s law provides that a drainage
speed 1s proportional to the square of the pore radius.
Theretfore, while Darcy’s law fails to explain why o1l and
gas can be extracted from the nano-pores of shale, embodi-
ments of this disclosure can be used to estimate o1l and gas
production from shale reservoirs. Stated another way, prin-
ciples of the present disclosure illustrate unexpected results
and deviate significantly from conventional understanding
in the relevant field.

Even after hydraulic fracturing, fluid still has to travel
from the ultra-tight nano-pores of a shale matrix block to the
surrounding fractures before it can then move to a wellbore.
When the shale matrix permeability 1s 100 nano-darcy,
porous media flow theory based on Darcy’s law predicts
that, under typical shale conditions, gas moves at a speed
less than 1 nanometer per second 1n the shale matrix even for
a high pressure gradient of 2 kPa per meter, and therefore,
it would take more than 70 years for 1t to migrate just one
meter. Shale o1l production 1s even more unimaginable due
to 01l’s high shear viscosity. Reconciling such a dire pre-
diction with the reality of on-going booming shale produc-
tion has been a huge challenge for the scientific communaity.

Previous studies have focused on gas transport through
nano-scale capillaries, and are essentially modifications to
Poiseuille’s law and Darcy’s law. Poiseuille’s law for com-
pressible flow 1n a capillary gives a volumetric tlow rate with
the radius and length of the capillary, respectively, and the
inlet and outlet pressures. The macroscopic Darcy’s law can
be obtained from the pore-scale capillary tube model by
setting the permeability, the porosity and the tortuosity of the
medium respectively. Most popular among the recent works
1s the slip theory which postulates that gas slips in nano-size
capillaries, and such slippage enhances flow rate. This slip
theory, however, 1s based on rarefied gas dynamics and the
kinetic theory for dilute gas, and 1t 1s generally not appli-
cable to shale gas as natural gas 1s a supercritical fluid with
high density under the pressure in typical shale reservoir
conditions (and above). Slip may occur for gas 1n extremely
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small capillaries (e.g., less than 10 nanometers 1n diameter)
when the pressure 1s below 10 MPa. These extremely small
pores, however, are associated with organic matter that
stores gas 1n an adsorbed phase, and they hold very little free
gas compared to the dominant larger mnorganic pores 1n the
shale matrix. Desorption 1s a much slower process and there
1s no evidence suggesting that the inmitially immobile
adsorbed gas has been produced 1n the first year. Further-
more, a recent study shows that these extremely small
organic nano-pores actually trap oil and gas molecules
instead of allowing them to flow. Thus, the slip theory is
highly questionable for shale gas production. No theory has
been proposed to explain why o1l can also be produced
ciliciently from the ultra-tight shale matrix. To date, fluid
production from shale has defied explanation using fluid
dynamics theory.

In contrast, principles of the present disclosure 1llustrate
that the drainage speed 1s proportional to the kinematic
viscosity of the fluid and the drainage speed 1s independent
of the pore diameter. When this result 1s up-scaled to a
macroscopic level, the production rate becomes dependent
on porosity but independent of permeability. This result 1s 1n
stark contrast to the prior approaches, which give a produc-
tion rate proportional to permeability. Permeability 1s a
property of the rock and the fluid and 1t 1s very dithicult to
measure and simulate. This gives the present approach an
advantage over the prior approaches.

With mitial reference to FIG. 1, a flow chart illustrating a
method 100 for estimating a production of fluid from a
reservolr 1n accordance with the present disclosure 1s illus-
trated. At block 102, method 100 comprises receiving, by a
processor, data associated with a fluid reservoir, wherein the
data includes at least a viscosity of a fluid 1n the reservoir
and a radius of a pore 1n the reservoir, and wherein the data
does not include a permeability of the reservoir. In various
embodiments, the fluid reservoir may include a shale reser-
voir, and the fluid may include o1l and/or gas.

At block 104, method 100 comprises modeling, by the
processor, a production of fluid from the reservoir based, at
least 1n part, on the received data, wherein the model utilizes
a reservoir fluid drainage rate that 1s proportional to the fluid
viscosity and a reservoir tluid drainage speed that 1s inde-
pendent of the pore radius. In various embodiments, the
production of fluid from the reservoir may also be modeled
with a fluid drain-out time that provides a time when the
total amount of fluid mass produced from the reservoir has
reached a percentage of producible fluid mass value.

In various exemplary embodiments, the model developed
at block 104 may be based on Navier-Stokes equations with
no-slip condition and without additional hypothesis. Fluid
production from a shale matrix to surrounding fractures may
be modeled by a damped acoustic wave 1 a “hufl-n-pufl”
pumping process.

With reference now to FIG. 3, production of a fluid (for
example, a natural gas or a liquid petroleum product) from
shale can be modeled as pore-scale volume-expansion-
driven drainage tlow of a single phase compressible tluid
from a small capillary tube 310 embedded 1n a matrix block
with i1ts ends open to surrounding fractures. The tube 310 has
an mnner radius R and length 2L. The flud stored 1n tube 310
can be gas or liquid and it 1s mitially at rest with a
density p,. The fluid 1s draimned symmetrically from both
ends of the tube 310 upon lowering the density at the ends
to p,. Fluid in the fractures 1s maintained at the density p._.
In practice, in order to maintain mechanical integrity of the
block and the adjacent fractures, the exit density (or pres-
sure) 1s lowered gradually by multiple small steps during
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production. In each step, the density perturbation can be
considered as small and temperature variation 1s negligible.
The Mach number 1s small so that nonlinear nertial effect
can be neglected. The continuity and the compressible
Navier-Stokes equations linearized around the new equilib-

rium state become:

dp f

3 + 0.V v =0, and

@V’ ! 1 ! 2.7
Pe—g =—Vp +(pb+§ﬂ)‘7(‘?-v)+w v,

where the density perturbation p'=p—p,_; p' 1s the pressure
perturbation; v' 1s the velocity perturbation which 1s assumed
to be axisymmetric; and p, w, are the shear and bulk
viscosities of the fluid, respectively. From the Helmholtz
decomposition theorem, the velocity field v' can be decom-
posed into the sum of an 1rrotational part v',, and a rotational
part V', v'=V' +Vv', . with the rotational part being sole-
noidal (incompressible), V-v',,=0. These two parts of the
velocity field are called the longitudinal mode and transverse
mode respectively 1n the acoustic literature. The total veloc-
ity v' satisfies the no-slip condition on the tube wall, r=R:
V=V otV =0,

The density perturbation 1s governed by a damped wave
equation:

where the diffusion coeflicient D =(u,+41/3)/p, charac-
terizes the diffusion of a small density disturbance and cis
the speed of sound (p'=cp'). Because of symmetry about
x=0, only one-half of the tube needs to be considered. The
density perturbation equation can be solved analytically
subject to the boundary and 1nitial conditions x=0:3p"/ax=0;
x=L: p'=0; t=0: p'=p,—p., op'/0t=0. For typical shale gas and
o1l properties and tubes of micron-size or smaller, after a
very short time (e.g., =107 5), the density quickly relaxes to
a profile uniform over the tube cross-section (i.e. the plane
wave solution) with the density perturbation given by

,. - 4(pi — pe) & (=1y (2n + Dmx
o (x, 1) = 2 ST 1E:Xp(—}fHI)CDS{UHICDS 57 .
where v,—(2n+1)°m*D /8L~ @ =(2n+1)m

c[1-(2n+1)*m*D/16¢>L*]V2/2L.

Here, N ,1s a large integer such that q becomes 1maginary
when n>N . For L=1 m and typical shale gas and oil
property values, N ~10". For simplicity, the purely diffusive
modes from n>N , 1n the infinite series have been neglected
since they decay at a much faster rate. The density solution
represents a damped standing acoustic wave with a density
node at the tube exit x=L and an antinode at x=0. With
reference again to FIG. 3, instantaneous density and 1nstan-
taneous velocity field for the first half cycle (rarefaction
wave, production phase) of density oscillation of gas (meth-
ane) are 1illustrated. L=1 meter, R=10 micrometers, and
period T=0.0068 seconds. The cycle starts at t=68 seconds.
Time 1nstants 1n the cycle are: A: T/8, B: '1/4, and C: 37T/8.

Arrows indicate the directions of wave propagation. Shading,
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in the velocity plots indicates velocity magnitude. The
second half-cycle compression wave (suction phase) 1s
essentially the reverse of the first-half cycle, except the
amplitude 1s reduced (not shown). In this illustration, a
radius of 10 micrometers 1s chosen 1n order to see details but
the pattern remains the same for nano-pores.

Physically, when the density at the tube exit 1s dropped
from p, to p_, a rarefaction wave 1s 1nitiated from the exit
(x=L), which propagates inward 1n the capillary towards the
symmetry line (x=0). The rarefaction wave then reflects
from the symmetry line and propagates towards the exit.
Since the density at the exit 1s fixed, this wave cannot escape
from the tube. The trapped wave then turns around and
propagates inward towards the symmetry line as a compres-
sive wave. The amplitude of the wave always decays in time
due to the mmward longitudinal diffusion of the density
perturbation from the tube exit.

For the relaxed density profile, the 1rrotational velocity 1s
longitudinal and independent of the radial coordinate r,
V=V w(X e, and it can be determined from the conti-
nuity equation,

V;JR(X, I):
Bij—pfi SV  + o sine i 2
exp(—v,, 1)V, coSw, I + w,sinw,1)sin .
2 p, Ll oY 3

The solenoidal velocity v', - 1s two-dimensional and 1t 1s
determined by the imncompressibility condition and the vor-
ticity diffusion equation with the wall condition r=R: v',,——
v'.». The stream-tunction solution for v', 1s given by the
real part of:

8L Pi — Pe
= ¥
T Pe

W

Ny
(=17 Qe Jy(a,R)M (opr) — Ji (0, R (0r) . (2r+ Dax
S

1n .
2n+ 1)* Fu(R) Ji{a,R) 2L
n=>0

where I 1s the nth-order Bessel function of the first kind,
and.:

'frnjl (HHR)[JD(D-HF‘) - JZ(G-HF)] — afﬂu‘{l (G-HR)[JD(QHF) - Jz({}f”}")]

F —
), = -y, tiw,,a, =i (2n + 1y7” & ”2-.-:;- _I_(2n+1):rr_v _ B
F = }fn H= H = 4L2 'V'E " H = 2L " E'_pf'

The solenoidal velocity, however, gives a zero mass flow
rate over any cross-section of the tube, since V-v', =0
implies that the volumetric flow rate Q(x)=constant=Q(0)=0
for symmetric draining. Thus, the role of the solenoidal
velocity 1s to enforce the no-slip condition on the tube wall
for the overall velocity and it has no effect on the drainage
rate.

For large tubes, the stream-wise solenoidal velocity v',
1s the classical Stokes solution driven by an oscillatory
boundary. As the tube radius 1s reduced, the Stokes layer
thickness becomes larger and 1t exceeds the tube radius for
very small tubes. v', - has the asymptotic expression in the
small radius limiat:
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f J_ r cR*
VI,RT — VIJR I—QE +O y L .

For L=1 meter and typical property values of shale o1l and
gas, V', o can be very well approximated by the above
parabolic profile for a tube radius below 1 micrometer. The
overall stream-wise velocity 1n the small radius limait 1s then:

) ]‘6L p! pf ( rz ]
V. = ] - —
72 p, R2
& (—1)" _ C 2n+ Dnx
Z exp(—v¥, (¥, Cosw,I + W, sinw, 1)sin
- (2n + 1) 2L

which 1s parabolic and satisfies the no-slip condition on
the wall. This parabolic velocity profile, however, differs
significantly from that of a Poiseuille flow: the centerline
velocity 1s independent of the tube radius; whilst the cen-
terline velocity of a Poiseuille flow is proportional to R>.
Furthermore, the velocity i1s not mversely proportional to
shear viscosity as in Poiseuille flow. The new analytical
solution can be confirmed using commercially-available
physics modeling software.

The 1nstantaneous mass tlow rate at the tube exit 1s given
by:

Ny

8R*L(p; — pe) 5

7T

eXp(—Ynl)
(21 + 1)?

m, (1) = (y,CO8W, T + (0,811, 1)

n=>0

Thus, the mass flow rate oscillates in time with a {re-
quency of m,=mnc/2L, generally 1n the range over 100 Hz for
shale o1l and gas when L=1 meter. Thus, in the first hali-
period of oscillation (rarefaction phase), fluid 1s produced
from the capillary; and 1n the second half-period (compres-
sive phase), fluid 1s sucked back into the tube. Since the
amplitude of density oscillation always decays 1n time and
the cycle starts from the production phase, there 1s a net
positive mass production after each oscillation period as the
fluid mass inside the tube decreases. The drainage rate m_(t)
1s the period-averaged net mass flow rate which 1s also the

mass decrease 1n the tube per period divided by the period
T (=4L/c):

O M@O-M@+T) 1 S(pf—pf)R2L§

1 — — vV, I
e exp(=,T)
fl i 4

(21 + 1)?

eXP(—Ynl).
n=>0

When t>>T, the higher modes (large n) experience large
exponential decay and their contributions to the drainage
rate are negligible. The lower modes can be approximated
by keeping just one term in the Taylor series expansion for
1-exp(—y T). Thus, the leading order expression for the
drainage rate 1s:

N

D D,(2n + 1)°x*1
e (t) = My E exp| - 222 DT

12 312
n=0

5

10

15

20

25

30

35

40

45

50

55

60

65

8

where M, =nR”L(p,—p.) is the total amount of producible
fluid from half of the capillary (length of L) for a given
density drop p,—p.; N 1s the cut-ofl integer so that v, T=(2n+
1)2E2Dp/2CL<1 for n<N(N=10> for shale oil and gas with
L.=1 meter). Since the period T for a meter-size block 1is
typically of the order of 0.01 second, the drainage rate
expression can be used virtually for all times of interest to
fluid production. A period-averaged drainage speed corre-
sponding to the drainage rate can be defined as:

N

M, (1 :—p, D D,2n+ 1)*n*t
V(1) = e (1) _ LPi —Fe Yp E‘:Xp[— ol 2) |
pe L Z : 8L
n=>0

The result above shows that fluid 1s produced from the
capillary 1mn an oscillatory “huff-n-pufl” pumping process
driven by the decaying standing acoustic wave trapped
inside the capillary. The drainage rate obtained by integrat-
ing the instantaneous mass flow rate over a period smooths
out the fast oscillation, leaving the longitudinal diffusion of
the density perturbation as the only traceable footprint in the
drainage rate expression on a time scale much larger than the
period of oscillation. This short-time to long-time coupling
1s embedded in the damped wave equation for the density
perturbation. Although the confinement of the tluid to a very
narrow tube smooths out the transverse variation of density
quickly, damping of the longitudinal variation of density 1s
extremely slow, giving the acoustic wave a long life-time.
The drainage m_, (t) is determined by the slow diffusive time
scale and 1t 1s independent of the oscillation frequency. Since
the diffusion coeflicient D =(p,+41/3)/p,, the drainage rate
1s proportional to the combined bulk and shear
viscosities 1, +411/3 and the square of the tube radius R*. This
1s a stark contrast to the classical Poiseuille’s law which
gives a drainage rate inversely proportional to the shear
viscosity u and proportional to the quartic power of the tube
radius R*. Poiseuille’s law is only appropriate for displace-
ment flows, and 1t 1s not suitable for the current fluid-volume
expansion-driven drainage tlow. The longitudinal diffusive
nature of the drainage flow 1s also manifested by the
appearance of the diffusive velocity scale D /L 1n the
drainage speed V _(t). This drainage speed 1s the average
Lagrangian velocity for the fluid particles that have exited
the tube during one period of oscillation, and 1t differs
significantly from the istantaneous Eulerian velocity at the
tube exit. For example, the drainage speed for gas mn a 10
micrometer radius tube for the cycle shown in FIG. 4 (=68
seconds) 1s 10.24 micrometers per second, whilst the instan-
taneous velocity at the centerline of the exit 1s as high as
36.12 meters per second during the cycle. Thus, while the
instantaneous tlow field 1s highly oscillatory with a high
speed and high frequency, the drainage speed 1s very low.
Despite the high mstantaneous velocity, however, the oscil-
lation 1n the displacement of a fluid particle remains small
during the period, no more than 3 centimeters for the case
shown 1n FIG. 4.

An outstanding feature of the drainage speed 1s that 1t 1s
independent of the capillary radius. For the case shown 1n
FIG. 4, 1t the tube radius 1s reduced from 10 micrometers to
10 nanometers while maintaining the same density
drop p,-p., the drainage speed will still be 10.24 microm-
eters per second at t=68 seconds. In other words, regardless
how small a capillary 1s, a compressible tluid, gas or liquid,
can escape the capillary with a finite speed, even though the
mass flow rate might be small due to its R* dependence on
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the capillary radius. Poiseuille’s law, on the other hand,
predicts an average exit speed proportional to R* and
inversely proportional to the shear viscosity, giving rise to an
infinitesimally small exit velocity for very small capillaries.
Once the producible tluid mass M, 1s given, the diffusion
coethicient D 1s the only fluid property that the drainage
rate m(t) depends on. D is directly related to the bulk
viscosity |, . It 1s well recognized that Stokes”™ hypothesis of
zero bulk viscosity 1s only valid for dilute monatomic gas.
While data on bulk viscosity of fluids are still scarce, the
bulk viscosity for a liquid 1s generally of the same order of
magnitude as its shear viscosity. On the other hand, the bulk
viscosity of a polyatomic gas increases with temperature and
it can become several orders of magnitude higher than 1ts
shear viscosity 1n a wide temperature range. These high gas
bulk wviscosity values are supported by measurements of
relaxation times. In particular, the bulk viscosity for meth-
ane, the dominant component of natural gas, 1s estimated to
be 320 times of 1ts shear viscosity at 80° C., a temperature
typical for shale. At 80° C. and a pressure of 25 MPa, the
diffusion coeflicients for gas and o1l are of the same order of
magnitude, Dp:4.82><10"5 m=/s, and D[:,:8.43><10"6 m=/s,
respectively, and they differ only by a multiple of 5.72. Thus,
we conclude that viscous o1l can be produced from small
capillaries as efliciently as gas, even though their shear
viscosities difler by at least two orders of magmtude.

With reference now to FIG. 5, a scaled drainage rate
versus time 1s plotted on log-log scale for shale o1l and gas.
In early times, these drainage rates are two-orders of mag-
nitude higher than those given by the Poiseuille’s law (the
Posieuille’s law result 1s for radius of 10 nanometers). The
straight-line portion of the curves corresponds to a power
law for the drainage rate, m_(t)=~t", typical for diffusive
transport. The power law ends when the density diffusion
front reaches x=0, thereafter the drainage rate decays expo-
nentially to zero. A drain-out time t; ,, defined as the instant
when the accumulative produced fluid mass has reached
99% of the producible mass, can be used to measure how
fast a fixed amount of stored fluid 1s produced. This drain-
out time 1s:

LZ

=357 —.
Id A D,

A unique feature of the m_(t)/M, curves in FIG. 5 1s that
the area underneath each curve 1s always unity, retlecting the
fact that the accumulative tluid production is the producible
mass M;. A large diffusion coeflicient D, gives a large
drainage rate as well as a small drain-out time. Contrary to
intuition, a large drainage rate accompanied by a small
drain-out time 1s actually beneficial for fluid production for
dramnage tlows, as a fixed amount of flmd 1s produced 1n a
shorter time. This characteristic 1s quite different from
open-end tube flows for which maintaining a high drainage
rate produces more fluids due to unlimited supply of fresh
fluid from upstream. FIG. 5 further illustrates that the
drainage rates for oil and gas are of the same order of
magnitude. Furthermore, the drain-out time ratio between o1l
and gas 18 t; /'ty .0 Dy gas/ Do .oir2-72. Thus, 01l and gas
can be produced from the capillary 1 a similar time span.
The classical Poiseuille theory, on the other hand, gives a
significantly larger drain-out time ratio
Uy oir td gas Hoil Meas— 145, as the drain-out time from the
Poiseuille theory 1s proportional to the shear viscosity .
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In addition to the unified fluid production mechanism at
the pore scale elucidated above, macroscopic phenomena
observed during shale production can also be explained 1n
terms of the exemplary principles of the present disclosure.
Because a matrix block 1n fractured shale 1s drained simul-
taneously from six sides, the drainage rate from a cubic
matrix block with sides of 2L and uniform size capillaries 1s
given by:

n N
fe.
=My

D,2n+ 1)Y=t
312

mp (1) exp [—

n=>0

where M,=8(p,—p_)¢L.> is the producible fluid inside the
block for a given density drop. The small block size created
by the massive hydraulic fracturing boosts the drainage rate
from each block. There are hundreds of thousands, even
millions, of such blocks in the fracture stimulated reservoir
volume (SRV) and they feed simultaneously to the fluid flow
in the fracture network. This leads to the observed high
production rate at the wellbore. The small block size also
contributes to the observed fast drop-ofl 1n the production
rate. As discussed earlier, this fast drop-ofl in the production
rate 1s indicative of eflicient fluid draining. The high pro-
duction rate 1s maintained by repeatedly lowering the exit
density 1n small steps. The observed low recovery factor, on
the other hand, 1s due to the inclusion of the adsorbed fluid

in the estimated amount of fluid-in-place. The adsorbed
phase can only be harvested over a much longer time frame
and additional stimuli are likely required to recover this part
of the reserves. The estimated maximum 13% recovery
factor likely indicates that all recoverable mobile phase
petroleum fluid has already been produced, since the
adsorbed fluid makes up as much as 83% of the total
fluid-1n-place.

In various embodiments, the production of a fluid from a
reservoir may be estimated, controlled, modified, or other-
wise performed based on at least one parameter calculated
by the herein described modeling methods. For example,
one or more of the drainage rate, drainage speed, or drain-
out time can be estimated and used during production of o1l
or gas from a shale reservoir. For example, 1n an embodi-
ment, the step of modifying the production of fluid from the
reservoir may include moditying a pressure applied to the
reservolr based on at least one of the drainage rate, drainage
speed, or drain-out time. According to one embodiment, the
step of moditying the pressure may include reducing pres-
sure based on at least one of the drainage rate, drainage
speed, or drain-out time. In particular, 1n one embodiment,
the step of modifying the pressure may include stopping the
production of fluid from the reservoir based on at least one
of the drainage rate, drainage speed, or drain-out time.

With reference now to FIG. 2, a system 200 for control-
ling the production of a fluid from a reservoir 1n accordance
with the present disclosure 1s 1llustrated. In various embodi-
ments, system 200 includes a shale reservoir 202, a well 204
for drawing o1l and/or gas from the shale reservoir, a
wellhead 206, and a pump 208. The pump 208 may be
configured to pump a first fluid nto the fluid reservoir. In
vartous embodiments, the first fluid may include a water-
based fluid comprising water, sand, and/or chemical addi-
tives. In certain embodiments, the pump 208 may include
one or more pumps 208, such as a plurality of pumps 208.
According to one embodiment, the one or more pumps 208
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may be located near the well 204 on a ground surface. In
another embodiment, the one or more pumps 208 may be
located on a pump truck.

A controller configured to control the pump 208 may be
located on, or within, the pump 208 or the wellhead 206.
Alternatively, the controller may be remotely coupled to
and/or 1n electronic commumnication with the pump 208. In
various embodiments, the controller may be a computer or
a computing device. The controller may be configured to
control the pump 208 in accordance with a reservoir fluid
production model that includes a model of a reservoir tluid
drainage rate that 1s proportional to a viscosity of the flmd
in the reservoir and a model of a reservoir tluid drainage
speed that 1s independent of a radius of a pore in the
reservolr. In various embodiments, the model may also
include a flmd drain-out time that provides a time when the
total amount of fluid mass produced from the reservoir has
reached a percentage of producible fluid mass value.

In various embodiments, the controller may be configured
to control the pump 208 to modify the production of fluid
from the reservoir 202 based on at least one of a drainage
rate, drainage speed, or drain-out time. For example, 1n one
embodiment, the controller may control the pump 208 to
modily a pressure applied to the reservoir 202 based on at
least one of the drainage rate, drainage speed, or drain-out
time. According to an embodiment, the controller may
control the pump 208 to reduce pressure based on at least
one of the drainage rate, drainage speed, or drain-out time.
In other embodiments, the controller may control the pump
208 to stop the production of fluid from the reservoir based
on at least one of the drainage rate, drainage speed, or
drain-out time.

Embodiments of this disclosure may model fluid as
capable of escaping an ultra-tight shale reservoir with a
finite speed, regardless of how small the shale pores are. The
model also explains why both o1l and gas can be produced
ciiciently from shale matrix blocks to the surrounding
fractures. Embodiments represent a paradigm shift from the
classical Poiseuille-Darcy theory for primary petroleum
production. Various embodiments of this disclosure may be
applied to petroleum engineering as well as other areas of
micro- or nano-scale compressible flows.

If implemented 1n firmware and/or software, the functions
described above may be stored as one or more instructions
or code on a computer-readable medium. Examples 1include
non-transitory computer-readable media encoded with a data
structure and computer-readable media encoded with a
computer program. Computer-readable media includes
physical computer storage media. A storage medium may be
any available medium that can be accessed by a computer.
By way of example, and not limitation, such computer-
readable media can comprise RAM, ROM, EEPROM, CD-
ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, or any other medium that
can be used to store desired program code in the form of
instructions or data structures and that can be accessed by a
computer. Disk and disc includes compact discs (CD), laser
discs, optical discs, digital versatile discs (DVD), floppy
disks and blu-ray discs. Generally, disks reproduce data
magnetically, and discs reproduce data optically. Combina-
tions of the above should also be included within the scope
ol computer-readable media.

Although the present disclosure and its advantages have
been described 1n detail, 1t should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the disclosure
as defined by the appended claims. Moreover, the scope of
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the present application 1s not intended to be limited to the
particular embodiments of the process, machine, manufac-
ture, composition of matter, means, methods and steps
described in the specification. As one of ordinary skill in the
art will readily appreciate from the present invention, dis-
closure, machines, manufacture, compositions of matter,
means, methods, or steps, presently existing or later to be
developed that perform substantially the same function or
achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to
the present disclosure. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

While the principles of this disclosure have been shown 1n
vartous embodiments, many modifications of structure,
arrangements, proportions, the elements, materials and com-
ponents, used 1n practice, which are particularly adapted for
a specific environment and operating requirements may be
used without departing from the principles and scope of this
disclosure. These and other changes or modifications are
intended to be included within the scope of the present
disclosure.

The present disclosure has been described with reference
to various embodiments. However, one of ordinary skill in
the art appreciates that various modifications and changes
can be made without departing from the scope of the present
disclosure. Accordingly, the specification 1s to be regarded 1n
an 1llustrative rather than a restrictive sense, and all such
modifications are itended to be included within the scope of
the present disclosure. Likewise, benefits, other advantages,
and solutions to problems have been described above with
regard to various embodiments. However, benefits, advan-
tages, solutions to problems, and any element(s) that may
cause any benefit, advantage, or solution to occur or become
more pronounced are not to be construed as a critical,
required, or essential feature or element.

As used herein, the terms “comprises,” “‘comprising,” or
any other variation thereof, are intended to cover a non-
exclusive inclusion, such that a process, method, article, or
apparatus that comprises a list of elements does not include
only those elements but may include other elements not
expressly listed or mnherent to such process, method, article,
or apparatus. Also, as used herein, the terms “coupled,”
“coupling,” or any other variation thereof, are intended to
cover a physical connection, an electrical connection, a
magnetic connection, an optical connection, a communica-
tive connection, a functional connection, and/or any other
connection.

When language similar to “at least one of A, B, or C” or
“at least one of A, B, and C” 1s used in the specification or
claims, the phrase 1s intended to mean any of the following:
(1) at least one of A; (2) at least one of B; (3) at least one
of C; (4) at least one of A and at least one of B; (5) at least
one of B and at least one of C; (6) at least one of A and at

least one of C; or (7) at least one of A, at least one of B, and
at least one of C.

What 1s claimed 1is:
1. A method for production of fluid from a reservorir, the
method comprising:

recerving, by a processor, data associated with a fluid
reservolr, wherein the data comprises at least a fluid
viscosity in the reservoir and a pore radius in the
reservolr, and wherein the data does not include a
permeability of the reservoir;
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modeling, by the processor and based at least in part on
the data, a fluid production model comprising a reser-
volr fluid drainage rate that 1s proportional to the fluid
viscosity, a reservoilr fluid drainage speed that 1s 1inde-
pendent of the pore radius, and a fluid drain-out time
comprising a time when a total amount of fluid mass
produced from the reservoir has reached a percentage
of a producible tfluid mass value; and

operating a pump associated with the reservoir to extract

fluid from the reservoir, wherein the operation of the
pump 1s governed by the fluid production model.

2. The method of claim 1, further comprising modifying
the fluid production model based on at least one of the tluid
drainage rate, the fluid drainage speed, or the fluid drain-out
time.

3. The method of claim 2, wherein the modifying the tluid
production model comprises modifying a pressure applied to
the tluid reservoir by the pump based on at least one of the
fluid drainage rate, the fluid drainage speed, or the fluid
drain-out time.

4. The method of claim 3, wherein the modifying the fluid
production model comprises reducing the pressure applied
to the fluid reservoir by the pump based on at least one of the
fluid drainage rate, the fluid drainage speed, or the fluid
drain-out time.

5. The method of claim 3, wherein the step of modifying
the pressure comprises stopping the production of fluid from
the reservoir based on at least one of the fluid drainage rate,
the fluid draimnage speed, or the fluid drain-out time.

6. The method of claim 1, wherein the fluid comprises
petroleum.

7. The method of claim 1, wherein the fluid comprises
natural gas.

8. The method of claim 1, wherein the fluid production
model utilizes an equation of the form:
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N 2 2
. D, D,2n+ )71
m(1) = MLﬁ exp|— 372 :
n=>0

9. The method of claim 1, wherein the fluid production
model utilizes the Navier-Stokes equations with no-slip
condition.

10. The method of claim 1, wherein the fluid production
model does not utilize Darcy’s law or Poiseuille’s law.

11. An apparatus for producing flmid from a reservorr,
comprising;

a pump which pumps a first fluid into a fluid reservoir that

includes a second fluid; and

a controller which controls the pump 1n accordance with

a reservolr tluid production model,

wherein the reservoir fluid production model utilizes a
reservoir tluid drainage rate that 1s proportional to a
viscosity of the second fluid in the reservoir and a
reservoir tluid drainage speed that 1s independent of
a radius of a pore 1n the reservorr.

12. The apparatus of claim 11, wherein the reservoir fluid
production model further comprises a fluid drain-out time
that provides a time when a total amount of fluid mass
produced from the reservoir has reached a percentage of
producible fluid mass value.

13. The apparatus of claim 12, wherein the controller
controls the pump to modily a production of the fluid from
the reservoir based on at least one of the flmid drainage rate,
the fluid drainage speed, or the fluid drain-out time.

14. The apparatus of claim 12, wherein the controller
controls the pump to modily a pressure of the first fluid
pumped nto the reservoir based on at least one of the fluid
drainage rate, the fluid drainage speed, or the fluid drain-out
time.
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